Different nutrient receptors varied in triggering germination of Bacillus subtilis spores with a pressure of 150 MPa, the GerA receptor being more responsive than the GerB receptor and even more responsive than the GerK receptor. This hierarchy in receptor responsiveness to pressure was the same as receptor responsiveness to a mixture of nutrients. The levels of nutrient receptors influenced rates of pressure germination, since the GerA receptor is more abundant than the GerB receptor and elevated levels of individual receptors increased spore germination by 150 MPa of pressure. However, GerB receptor variants with relaxed specificity for nutrient germinants responded as well as the GerA receptor to this pressure. Spores lacking dipicolinic acid did not germinate with this pressure, and pressure activation of the GerA receptor required covalent addition of diacylglycerol. However, pressure activation of the GerB and GerK receptors displayed only a partial (GerB) or no (GerK) diacylglycerylation requirement. These effects of receptor diacylglycerylation on pressure germination are similar to those on nutrient germination. Wild-type spores prepared at higher temperatures germinated more rapidly with a pressure of 150 MPa than spores prepared at lower temperatures; this was also true for spores with only one receptor, but receptor levels did not increase in spores made at higher temperatures. Changes in inner membrane unsaturated fatty acid levels, lethal treatment with oxidizing agents, or exposure to chemicals that inhibit nutrient germination had no major effect on spore germination by 150 MPa of pressure, except for strong inhibition by HgCl 2 .
Spores of Bacillus species are germinated by a variety of agents, including chemicals such as specific nutrients, a 1:1 chelate of Ca 2ϩ and pyridine-2,6-dicarboxylic acid (dipicolinic acid [DPA] ), and surfactants such as dodecylamine (13, 40) . Nutrients trigger germination by binding to receptors located in the spore's inner membrane and encoded by tricistronic operons. There are three such receptors in B. subtilis spores, the GerA receptor responding to L-alanine and the GerB and GerK receptors that together respond to a mixture of L-asparagine, glucose, fructose, and K ϩ . Stimulation of these receptors triggers the release of the spore's large depot of DPA, and this triggers activation of the enzymes CwlJ and SleB, either of which can initiate hydrolysis of the spore's peptidoglycan cortex leading to completion of spore germination (40) . Spore germination with exogenous Ca 2ϩ -DPA is by activation of CwlJ, whereas dodecylamine causes release of endogenous Ca 2ϩ -DPA from the spore core, leading to subsequent events in germination (25, 38) .
Spore germination is also triggered by mechanical treatments, including abrasion and high pressures (23, 36) . Abrasion activates either CwlJ or SleB (17) . In contrast, pressures of 100 to 300 MPa activate the spore's nutrient receptors, while even higher pressures (500 to 800 MPa) release the spore's Ca 2ϩ -DPA depot (14, 27, 37, 43, 44) . Spore germination by pressures of 500 to 800 MPa also exhibits some differences from nutrient germination, although germination by pressure activation of nutrient receptors appears to be identical to nutrient germination (20, 43) . However, the mechanism of nutrient receptor activation by pressure and the factors influencing the rate of spore germination by such pressures are not known. These unknowns are of applied interest given the potential utility of high pressure as an alternative food processing technology, since the stimulation of spore germination contributes to spore killing by high pressure (18, 32) . However, the study of spore germination by pressure, in particular via pressure activation of the spore's nutrient receptors, is also warranted since the results of such a study may give new insight into the mechanism of spore germination by nutrients. We report here results of experiments designed to assess the influence of various factors on B. subtilis spore germination with a pressure of 150 MPa.
used were free (Ͼ99%) of germinated spores or growing or sporulating cells as determined by both phase-contrast microscopy and flow cytometry after being stained with Syto 16 (see below). Spores of strain FB122 prepared without or with DPA had Ͻ3 or 77%, respectively, of the DPA levels in wild-type (PS533) spores, as found previously (25) . Spore germination by pressure. Spores whose pressure germination was to be compared were prepared together to minimize effects due to variations in sporulation conditions. Pressure germination used spores at an optical density at 600 nm (OD 600 ) of 1.0 in 50 mM Tris-HCl (pH 7.5). The spores were initially at a temperature of 37°C and were exposed to a pressure of 150 MPa in a PT-1 Research System pressure unit (Avure Technologies, Kent, WA) with water as the pressure medium. The come-up rate when pressure was applied was ϳ600 MPa/30 s, and the pressure release time was ϳ4 s. A K-type thermocouple passes through the center of the top closure of the pressure chamber, allowing the temperature of the pressure medium to be monitored. After application of a pressure of 150 MPa the peak temperature reached due to adibiatic heating was ϳ42°C; this value fell to 41°C after 40 s, to 40°C after 1 min, and to 38°C after 2 min and had returned to 37°C by 3.5 min after application of pressure. After pressure release, aliquots (ϳ1.3 ml) of the treated spores were frozen in dry ice-ethanol. Freezing of pressure-treated samples had no effect on the percentages of germinated spores determined by flow cytometry (data not shown). Other aliquots of treated spores were tested for viable counts and centrifuged in a microcentrifuge and the OD 270 of the supernatant fluid measured to assess release of DPA (4, 38) . Control experiments showed that Ͼ85% of the OD 270 released upon pressure treatments was due to DPA (data not shown).
The frozen pressure-treated samples were thawed, made 0.5 M in the fluorescent nucleic acid stain Syto 16 (Molecular Probes, Eugene, OR; max values for the absorption and fluorescence emissions of the complex with DNA are 488 and 518 nm, respectively) and incubated in the dark for Ն15 min at 23°C. Neither intact dormant spores nor decoated dormant spores that have lost their outer membrane and much of their coat are stained well by nucleic acid stains such as Syto 16, since these stains do not penetrate into the dormant spore core where nucleic acids are located, but germinated spores are stained well (13, 31, 39) . Preliminary work using the dyes Syto 9, Syto 11, Syto 12, Syto 13, Syto 14, Syto 15, and Syto 16 (Molecular Probes, Eugene, OR) showed that Syto 16 gave the largest separation in fluorescence between dormant and germinated B. subtilis spores in flow cytometry (data not shown). In order to determine the percentage of germinated spores in a population, ϳ10 5 spores stained with Syto 16 were analyzed in a FACSCalibur flow cytometer (BD Biosciences, San Jose, CA) (42) . All experiments measuring spore germination by pressure were repeated at least twice, with Յ15% variation in the rates of germination between replicates, and all spores whose rates of germination were to be compared were prepared together and were pressure treated together on the same day.
Spore germination by chemicals. For analysis of spore germination by chemicals, spores were germinated at an OD 600 of 1.0 either with 10 mM L-alanine-20 mM Tris-HCl (pH 8.6) after a heat shock (70°C; 30 min) or without a heat shock with 1 mM dodecylamine-20 mM Tris-HCl (pH 7.4). In both cases spore germination was measured by monitoring DPA release (4, 38) . The heat shock synchronizes and increases the rate of spore germination with nutrients but has no effect on spore germination induced by dodecylamine (4, 38) .
Other procedures. Spores were treated with hydrogen peroxide (H 2 O 2 ), cumene hydroperoxide (CuOOH), or t-butylhydroperoxide (tBHP); the degree of killing was measured; the reagents were inactivated either with catalase a Abbreviations: Cm r , chloramphenicol (3 g/ml) resistance; Km r , kanamycin (10 g/ml) resistance; MLS r , erythromycin (1 g/ml) and lincomycin (25 g/ml) resistance; and Sp r , spectinomycin (100 g/ml) resistance. b Strains to the right of the arrows were transformed with chromosomal DNA from strains to the left of the arrow. If there are two strains to the left of the arrow, the DNA from the strain listed first was used initially, and then the second DNA was used to transform a transformant obtained using the initial DNA.
c The gerB-lacZ fusion in this strain is essentially identical to that in strain BC100 (7). d Zuberi et al. (46) .
(H 2 O 2 ) or sodium thiosulfate (CuOOH and tBHP); and the spores were washed exhaustively (about eight times) with water prior to pressure treatment (8, 21) . Spores were decoated and subjected to extraction and analysis of fatty acids in the inner membrane as described previously (8) . Spores prepared at different temperatures were decoated, extracted, and assayed for ␤-galactosidase by using methylumbelliferyl-␤-D-galactoside (12) ; values for spores of strain PS832 were subtracted from values for spores of strains carrying lacZ fusions. The latter values were Ն10-fold higher than in spores of strain PS832.
RESULTS
Measurement of spore germination. Spores are germinated by pressures from ϳ100 to 800 MPa, with the higher pressures often giving more rapid and complete germination (27, 43, 44) . We used a pressure of 150 MPa in the present study, since preliminary experiments with B. subtilis spores showed that this pressure caused spore germination only via activation of the spore's nutrient receptors (data not shown; see also below). There is also evidence that the spore germination process triggered at a pressure of ϳ150 MPa is similar to the nutrienttriggered germination process, whereas this is not the case for germination triggered by higher pressures (27, 43, 44) .
We decided to use B. subtilis to analyze factors that influence the pressure germination of spores via activation of the spore's nutrient receptors, since spore germination has been best studied in this organism. In addition, there are many B. subtilis strains with defects in various aspects of spore germination, including strains lacking one, two, or all three of the spore's functional nutrient receptors (29) . Most measurements of spore germination induced by pressure have used plate counts with or without a heat treatment to kill germinated spores, but such an assay is not suitable for measuring low levels of spore germination. Consequently, we used flow cytometry, since dormant and germinated spores exhibit very different fluorescence intensities with nucleic acid stains (6, 13, 19, 21, 31, 39, 42) , as was the case with spores stained with Syto 16-stained spores germinated by a pressure of 150 MPa ( Fig. 1A and B) . The major advantages of using flow cytometry are that low levels of spore germination can be measured by using clean dormant spore preparations and removal of spore coat proteins and outer membrane does not result in the staining of spore nucleic acids by Syto 16 (data not shown). In addition, this analysis is not particularly influenced by spore killing. Although with Syto 16 the fluorescence of dead germinated spores was less than that from live germinated spores (see below), it was still easy to distinguish dormant spores and killed germinated spores. In addition, in experiments treating spores with a pressure of 150 MPa at 37°C, there was Յ25% spore killing in up to 10 min (data not shown). To confirm results assessing germination by flow cytometry, we also monitored DPA release, since this is an early step in spore germination induced by either nutrients or high pressure (40) . The results using DPA analyses agreed with the flow cytometry results (data not shown), but the flow cytometry was more accurate, in particular with samples exhibiting low levels of germination. In some experiments we also monitored spore germination by phase-contrast microscopy, and again the results agreed with those obtained by flow cytometry (data not shown).
Responsiveness of individual nutrient receptors to pressure. Previous work has shown that germination of B. subtilis spores lacking all nutrient receptors by a pressure of 100 MPa is much slower than is germination of wild-type spores and that much of the germination response of B. subtilis spores to this pressure is due to the GerA and GerB receptors (27, 44) . By assessing germination of spores containing only one nutrient receptor, we were able to further quantify the contribution of individual receptors to pressure germination ( Fig. 2A) . The GerA receptor contributed most to spore germination at a pressure of 150 MPa, since FB87 and PS3611 spores (both gerB gerK) germinated almost as rapidly as wild-type spores ( Fig. 2A and Table 2 ). However, the rates of pressure germination via the GerB or GerK receptors alone (strains PS3615 and PS3651, respectively) were significant, being ca. 20 and 2%, respectively, of the rate of pressure germination via the GerA receptor ( Fig. 2A and Table 2 ). The rate of pressure germination of spores lacking only the GerA receptor (strain FB20) was also essentially identical to that of spores containing only the GerB receptor (data not shown). When no nutrient receptors were present (strain FB72), the rate of spore germination with a pressure of 150 MPa was only ϳ0.3% of that given by the GerA receptor alone ( Fig. 2A and Table 2 ). This hierarchy in the rates of pressure germination of spores with different nutrient receptors was seen not only with spores prepared at 37°C but also with spores prepared at 27 and 43°C (see below). One reason for the differences in the rates of pressure germination of spores with different nutrient receptors could be differences in the level of these receptors in spores, and the spore's GerB receptor level is likely to be significantly lower than that of the GerA receptor based on the levels of transcription of the gerA and gerB operons (7, 12) . Indeed, the level of ␤-galactosidase from a gerA-lacZ fusion in spores prepared at 37°C was ϳ6-fold higher than from a gerB-lacZ fusion (Table 3). To further determine whether nutrient receptor levels could influence the responsiveness of spores to pressure, we used spores of strains overexpressing the GerA or GerB receptors, the latter in a strain in which GerB is the only nutrient receptor. Overexpression of either the GerA or GerB receptor from the moderately strong, forespore-specific promoter of the sspD gene (PsspD) increased germination rates with pressures 4-and ϳ2-fold, respectively, whereas use of the stronger forespore-specific promoter of the sspB gene (PsspB) increased the germination rate via the GerB receptor 3.5-fold (Fig. 2B) . PsspB could not be used to drive GerA expression, since this strain does not sporulate (4) .
An alternative and not mutually exclusive reason for differences in the ability of individual nutrient receptors to respond to pressure could be intrinsic differences in the pressure sensitivities of various receptors. To determine whether this might be the case, we analyzed spores containing only one of either of two variant GerB receptors with single amino acid changes in either this receptor's A (GerBA) or B (GerBB) proteins (termed the GerBA* or GerBB* receptors, respectively) that allow spore germination in a variety of nutrients not recognized by the wild-type GerB receptor (28) . At least the GerBB* receptor is present in spores at the same level as the a Spores of various strains were decoated, extracted, and assayed for ␤-galactosidase as described in Materials and Methods.
b The specific activities of ␤-galactosidase are the amount of substrate hydrolyzed by extracts from 1 ml of spores at an OD 600 of 1.0 and are expressed relative to the value in spores of PS832 prepared at 27°C. The latter value was set at 1.
GerB receptor (4, 30) . Spores whose only nutrient receptor was GerBA* or GerBB* germinated as fast as wild-type spores with pressure, and overexpression of the GerBB* receptor from PsspD or PsspB gave spores that germinated 2.5-and 4-fold faster, respectively, with pressure than did spores with the GerBB* receptor expressed from its own promoter (Fig.  2C) .
Effect of lipid addition to nutrient receptors on pressure germination. Covalent addition of diacylglycerol to a cysteine residue in the N-terminal region of the C proteins of some nutrient receptors is essential for receptor function in nutrient germination (15, 40) . To assess the role of this diacylglycerylation in pressure germination, we used spores of a strain that lacked the only lipoprotein diacylglycerol transferase, the product of the lgt gene, (also termed gerF [15, 35] ). The rate of pressure germination of lgt spores was 8% that of wild-type spores ( Table 2 ), suggesting that diacylglycerylation is needed for nutrient receptors to respond to pressure. Analysis of spores with alanine replacing diacylglycerylated cysteine residues indicated that the responsiveness of the GerA receptor to pressure was almost abolished by this change (in cysteine 18 of GerAC), whereas this change (in cysteine 21 of GerKC) did not alter the GerK receptor's responsiveness to pressure (Table 2).
Effect of inhibitors of nutrient germination on pressure germination. Since the germinant receptors, in particular GerA, are essential for rapid germination of spores in response to moderate pressures (27) , it was of interest to examine the effect of various inhibitors of nutrient receptor function on pressure germination. Previous work has shown that inhibitors of nutrient germination such as HgCl 2 strongly (Ն95%) inhibit germination of B. subtilis spores by pressures of ϳ100 MPa (14, 37, 44) . We found that HgCl 2 also inhibited germination of spores of strain FB87 that contain only the GerA receptor (Table 4) . Unfortunately, it is not known whether HgCl 2 inhibits nutrient germination of spores by interacting with the receptors or with some other component of the germination apparatus. Three other compounds-ethanol, octanol, and ochlorocresol-that strongly inhibit nutrient germination via the GerA receptor but are much less effective at inhibiting nutrient germination via the GerB or GerB* receptors (9) gave either no inhibition of pressure germination of FB87 spores (ethanol and octanol) or only ϳ30% inhibition (o-chlorocresol) ( Table  4 ). The ion channel blocker amiloride that blocks nutrient germination via the GerA and GerB receptors (9) also had no effect on pressure germination of FB87 spores (Table 4) . Similar results with these inhibitors were obtained when germination of PS533 spores (wild-type) was tested at a pressure of 150 MPa (data not shown).
Effect of spore DPA content on pressure germination. Another small molecule that has a large influence on spore germination with nutrients is DPA, a molecule that normally comprises Ն20% of the dry weight of the spore core. Spores that lack DPA can be generated by using a strain lacking the spoVF operon encoding DPA synthetase (25) . Although DPAless spoVF spores are unstable and germinate spontaneously, stable DPA-less spores are obtained if the sleB gene that encodes one of the spore's two redundant cortex lytic enzymes is also deleted (25) . These sleB spoVF spores germinate extremely poorly in nutrients (25) , and this was also the case with pressure (Fig. 3) . However, if spores of this strain contained near-wild-type DPA levels (obtained by sporulation with added DPA), they germinated normally with pressure (Fig. 3) .
Effects of inner membrane unsaturated fatty acid content and sporulation temperature on pressure germination. Since the nutrient receptors are in the spore's inner membrane, it was of interest to determine whether changes in this membrane might influence the rate of pressure germination. Previous work has shown that either overproduction or the absence of the B. subtilis fatty acid desaturase, Des, has large effects on levels of unsaturated fatty acids in the B. subtilis spore's inner membrane, in particular at low sporulation temperatures, as well as on levels of fatty acids (1, 8) . However, when prepared at the same temperature, wild-type spores and spores lacking or with elevated levels of Des exhibited identical rates of pressure germination (Fig. 4A) , despite levels of inner membrane unsaturated fatty acids that in spores made at 27°C ranged FIG. 3 . Effect of spore DPA content on pressure germination. Spores of strains PS533 (wild type) or FB122 (sleB spoVF) prepared with or without DPA were treated with 150 MPa of pressure, and germination was assessed by flow cytometry as described in Materials and Methods. Symbols: E, PS533 spores; F, FB122 spores prepared without DPA containing Ͻ3% of wild-type spore DPA levels; OE, FB122 spores prepared with DPA and containing 77% of wild-type spore DPA levels. 2 mM) ............................................................................ 6  Octanol (0.006%)....................................................................... 104 a Spores of strain FB87 (gerB gerK) were treated with a pressure of 150 MPa, and spore germination was assessed by flow cytometry as described in Materials and Methods.
b These concentrations of inhibitors gave Ͼ85% (amiloride), Ͼ90% (HgCl 2 ), and Ͼ95% (o-chlorocresol, ethanol, and octanol) inhibition of the rate of spore germination with L-alanine (9) .
c This value was set at 100%.
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on July 7, 2017 by guest http://aem.asm.org/ from Ͻ0.2% (des spores), 0.6% (wild-type spores), and 4.5% (1Des strain spores), as well as other differences in fatty acid levels (8, 10; data not shown).
Another variable that can alter the properties of the spore's inner membrane is the sporulation temperature, since the permeability of the inner membrane decreases and the fatty acid composition changes as the sporulation temperature is increased (10) . Although spores of the wild-type, 1Des, and des strains made at the same temperature germinated equally well with pressure, spores made at 40°C germinated ϳ5-fold faster than 27°C spores (Fig. 4A) . In contrast, germination with Lalanine was ϳ1.5-fold slower in 40°C spores (10; data not shown), although again wild-type, des, and 1Des spores made at the same temperature germinated at the same rate with L-alanine (Ϯ15%; data not shown). With wild-type spores made over an even wider temperature range, spores made at 23°C were 10-fold slower in pressure germination than spores made at 44°C (Fig. 4B and Table 5 ). Spores with only a single nutrient receptor prepared at 43°C also germinated much faster with pressure than spores of the same strain made at 27°C, as was also the case for spores lacking all nutrient receptors (Table 5 ). Pressure germination via the GerB or GerK receptors was ϳ20-fold faster with 43°C spores but was only ϳ6-fold faster via the GerA receptor (Table 5) . Strikingly, levels of ␤-galactosidase from gerA-and gerB-lacZ fusions were four-to fivefold lower in spores made at 43°C compared to levels in 27°C spores ( Table 2) .
Effect of spore pretreatment with oxidizing agents on pressure germination. Previous studies have shown that spore populations killed 90 to 99% by a variety of oxidizing agents have defects in nutrient germination, although they actually germinate faster with the surfactant dodecylamine (8) . These and other results have led to the suggestion that such oxidizing agents kill spores by damaging the spore's inner membrane, although this is not by oxidation of unsaturated fatty acids (8) . Spore populations killed 96 to 99% by H 2 O 2 , CuOOH, or tBHP germinated normally with high pressure (Fig. 5) (also data not shown). However, the germinated killed spores were significantly less fluorescent upon Syto 16 staining than were germinated spores that had not been killed (Fig. 1B and C) . The lower fluorescence of the germinated killed spores with Syto 16 may be because these spores are dead, or because germination does not proceed to completion, since at least H 2 O 2 -killed spores initiate but do not complete germination (21).
DISCUSSION
A major conclusion from the results presented here is that many requirements for the triggering of B. subtilis spore germination through pressure activation of nutrient receptors are similar if not identical to requirements for nutrient activation FIG. 4 . Effects of changes in unsaturated fatty acid composition and sporulation temperature on pressure germination. Spores of different strains were prepared at various temperatures and treated with 150 MPa of pressure, and germination was assessed by flow cytometry as described in Materials and Methods. (A) Spores prepared at 27°C (E, ᮀ, and ) and spores prepared at 40°C (F, ■, and OE). Circles, PS533 (wild type); squares, PS3624 (1Des); triangles, PS3628 (Des). (B) PS533 spores prepared at 23°C (E), 30°C (F), 37°C (ᮀ), and 44°C (■). of these receptors. Thus, diacylglycerylation of the nutrient receptors appears to play a similar role in these receptor's activation by either pressure or nutrients. The GerA receptor's responsiveness to nutrients has an almost absolute requirement for diacylglycerylation of this receptor's C protein (GerAC) (15) , and spores containing only the GerA receptor that could not be diacylglycerylated were ϳ50-fold slower in pressure germination than were spores with the wild-type GerA receptor. In contrast, the GerK receptor's response to nutrients does not require diacylglycerylation (15) , and this was also the case for pressure germination. Although we did not directly test the pressure germination of spores containing only the GerB receptor that was not diacylglycerylated, the rate of pressure germination of lgt spores was 8% that of wild-type spores. Subtracting the contributions of GerA and GerK that are not diacylglycerylated from this value indicates that GerB retains ϳ20% of its function in pressure germination when not diacylglycerylated, a value similar to the ϳ15% function in nutrient germination retained by GerB that is not diacylglycerylated (15) . A second similarity in nutrient and pressure germination is in the requirement for endogenous DPA for germination of sleB spoVF spores. In wild-type spores nutrient receptor activation by either nutrients or pressure causes the release of the spore's depot of Ca 2ϩ -DPA, and this in turn triggers cortex hydrolysis by CwlJ directly and by SleB indirectly (25, 40) . In DPA-less spores that lack SleB, cortex hydrolysis cannot be triggered by nutrient receptor activation, since there is no endogenous Ca 2ϩ -DPA to be released and activate CwlJ (25) . However, if sleB spoVF spores contain DPA they germinate normally with nutrients (25) . Consequently, the lack of pressure germination of DPA-less sleB spoVF spores and the rapid pressure germination of sleB spoVF spores that contain DPA were not surprising.
A third similarity in nutrient and pressure germination is the effects on rates of spore germination of overexpression of various nutrient receptors. Since activation of nutrient receptors is the mechanism by which pressures of ϳ100 MPa trigger spore germination (27, 44) , it was not surprising that increasing the level of the GerA, GerB, or GerBB* receptors increased the rate of germination by such a pressure. Levels of the GerB and GerB* receptors in spores are increased 20-and ϳ200-fold when the genes encoding these proteins are under the control of PsspD and PsspB, respectively (4, 30; data not shown). The level of overexpression of the GerA receptor when gerA is under the control of PsspD is not known but seems likely to be Ն5-fold (4; data not shown). Consequently, it was surprising that overexpression of these receptors did not give much larger stimulations of pressure germination. However, the increases in rates of pressure germination upon overexpression of these nutrient receptors were almost identical to those found for rates of nutrient germination of spores with similar elevated receptor levels (4) . Why increases in the rates of germination with pressure and nutrients are not proportional to increases in levels of specific nutrient receptors is not clear. Possible explanations for this apparent anomaly are that (i) many of the overexpressed receptors are not functional, although some clearly are and also appear to be properly localized (4, 30; data not shown), and (ii) some other component of the germination apparatus becomes rate limiting for germination of spores with elevated levels of nutrient receptors (4) . It is also notable that if levels of ␤-galactosidase from gerA-and gerB-lacZ fusions are a true reflection of the levels of the GerA and GerB receptors (and see below), then levels of these nutrient receptors may actually be lower in spores prepared at 43°C compared to levels in 27°C spores, yet the 43°C spores germinate more rapidly with pressure of 150 MPa. Clearly, there are factors other than the levels of nutrient receptors that influence the rate of pressure germination.
A fourth similarity in pressure and nutrient germination was in the rates of germination via different nutrient receptors, since the hierarchy in rates of germination by a complex mixture of nutrients due to individual nutrient receptors, GerA Ͼ GerB Ͼ GerK (29), was also seen for pressure germination. Some of the differences in rates of spore germination triggered by a single nutrient receptor appear due to differences in the levels of these nutrient receptors, since the relative levels of ␤-galactosidase in spores of strains with gerA and gerB-lacZ fusions paralleled the relative pressure responsiveness of spores with only the GerA or GerB receptors; unfortunately, there is no comparable information for the GerK receptor. Both the gerA-and gerB-lacZ fusions used in the present study are transcriptional fusions with the same promoterless lacZ gene (7, 12) , but gerA and gerB mRNAs differ in their translational signals, including both the ribosome-binding site (more optimal in gerA) and the translation start codon (UUG for gerA and AUG for gerB), and thus we cannot be sure that relative levels of ␤-galactosidase from transcriptional fusions are a precise reflection of relative levels of the GerA and GerB receptors. There are 20 to 25 molecules of the GerBA protein and thus no more than this number of GerB receptors in Although it seems likely that nutrient receptor levels in spores are important in determining the rate of spore germination with pressure, different receptors also may differ in their responsiveness to pressure. This was seen most dramatically with the GerB* receptor variants whose levels are identical to that of their wild-type counterparts (4) but that are Ն5-fold more responsive to pressure. The GerB* receptor variants were selected to have a relaxed specificity for nutrient germinants, and spores with only the GerBA* or GerBB* receptors germinate with D-alanine alone, even better with D-alanine plus D-glucose, with L-asparagine alone and also with other nutrients normally not stimulatory for germination via the GerB receptor (28; K. Ragkousi, J.-L. Sanchez Salas, D. E. Cortezzo, and P. Setlow, unpublished data). The increased responsiveness of spores with the GerBA* and GerBB* receptors to both nutrients and pressure thus suggests that the single amino acid changes in these receptor variants have greatly increased their overall responsiveness to a variety of stimuli, although how this is achieved is not clear. The larger increases in the rates of pressure germination via the GerB and GerK receptors compared to the increase seen in germination via the GerA receptor as spore preparation temperature increased from 27 to 43°C further suggests that different nutrient receptors can respond differently to pressure.
In addition to the similarities between nutrient and pressure germination, there were also some differences. Amiloride, ochlorocresol, ethanol, and octanol at concentrations that almost completely inhibit nutrient germination, in particular via the GerA receptor, had little if any effect on pressure germination, suggesting that these chemicals may inhibit nutrient germination by interacting with some hydrophobic site on the nutrient receptors, such as the L-alanine binding site on the GerA receptor (45) , and not by blocking receptor function directly, although it is possible that alterations in receptor structure at high pressure may preclude inhibitor binding. However, HgCl 2 , an agent that inhibits spore germination with all nutrients (9), did block pressure germination. Perhaps this chemical inhibits the function of either the nutrient receptors or a protein that acts subsequent to the receptors in the germination process.
Another difference in spore germination with nutrients and a pressure of 150 MPa was in the response of germination rates to spore preparation temperature. The rate of pressure germination of spores prepared at 44°C was ϳ10-fold higher than that of spores made at 23°C, and spores with only a single germinant receptor also exhibited large increases in pressure germination as the sporulation temperature increased. These increases are consistent with previous work showing that spores of several species prepared at lower temperatures are more resistant to killing by pressures of 100 to 300 MPa than are spores prepared at higher temperatures (16, 33, 34) , since the triggering of germination by pressure is likely the ratelimiting step in pressure killing of spores. In contrast to these results with pressure, the rate of germination with L-alanine decreases 1.5-to 2-fold in B. subtilis spores prepared at 44°C compared to 23°C; rates of germination with dodecylamine also decrease ϳ10-fold in spores prepared at 44°compared to 23°C spores (10; data not shown). Spores prepared at higher temperatures are also more resistant to a number of chemicals that kill spores by DNA damage, perhaps because of the decrease in inner spore membrane permeability as sporulation temperature increases (10, 22) .
One explanation for the increase in pressure germination with increasing sporulation temperature is that levels of nutrient receptors are higher in spores made at higher temperatures. However, this seems unlikely, since levels of ␤-galactosidase from gerA-and gerB-lacZ fusions were lower in spores made at higher temperature. Alternative explanations for the effect of sporulation temperature on pressure germination are that the effect is not on nutrient receptors themselves but on (i) properties of the inner spore membrane where these receptors are located or (ii) another component involved in spore germination. We cannot decide between these latter alternatives but favor the first one because sporulation temperature does alter some properties of the spore's inner membrane (10) . We focus on the inner membrane not only because the nutrient receptors are located there but also because removal of the spore's coat and outer membrane has no effect on spore germination or killing by pressure (27) . In contrast, changes in the inner membrane can alter spore sensitivity to a variety of agents, as well as to some germinants (8, 10) . The inner membrane's fatty acid composition changes considerably in spores prepared between 23 and 44°C (8), although current work shows that changes in levels of inner membrane unsaturated fatty acids have little if any effect on pressure germination. Previous work has shown that although the permeability of the spore's inner membrane is quite low, this permeability is even lower in spores made at higher temperatures (10) . This further suggests that the fluidity of the spore's inner membrane decreases as the temperature of spore preparation increases, and membrane fluidity affects the response of biological membranes and membrane proteins to pressure (2, 3, 5) . Unfortunately, it is difficult to formulate a model of how sporulation temperature and inner membrane fluidity affect the pressure responsiveness of nutrient receptors, since neither how these receptors function nor the likely unusual structure of the spore's inner membrane (11) are currently known.
